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l. INTRODUCTION

The subject of fluidics is essentially the mechanization of fluid
mechanics to control devices, be they logic gates, sensors, analog
amplifiers, power valves, or passive components. Such aspects of basic
fluid mechanics as forced vortices, stagnation flows, jets, edge tones,
weak vortices, partial and full channel flows, and converging nozzle
flows are just some that the fluidics researcher must cope with when he
is preparing a physically meaningful model of a fluidic component. To
present in one place all the analyses and solutions and flow fields
would require a book. Kirshner and Katz! is one such repository of
information. The purpose of this paper is only to provide the reader
with a rudimentary acquaintance with some of the more familiar solution
techniques and the degree of accuracy that can be achieved by wusing
such simple methods of modelling. The references quoted here will
provide the reader with further information for a detailed study. As
such, then, this paper is a synopsis of problem areas and analysis
techniques that have led to successful implementation of engineering
solutions in fluidic applications.

2, NOZZLE FLOW

In most active fluidic devices, the main flow field is a subsonic
submerged jet that is formed in a converging nozzle. Most fluidic
amplifiers and gates have characteristics that are strongly dependent
on the discharge characteristics of the nozzle. Certainly if a nozzle
is long and very resistive, with a low discharge coefficient, then the
pressure recovered at the output is low compared with that imposed at
the supply plenum. By the same reasoning, the average velocity of a
jet emanating from such a nozzle is lower than that from a shorter
nozzle; consequently, the transport delay is longer; the phase shift,
greater; and the frequency response, lower. 1In addition, the amount of
momentum lost in the nozzle certainly dictates the amount of jet
deflection by either a momentum interaction or a pressure field. These
arguments then dictate that the discharge characteristic of a
converging nozzle be well known,

In most cases, the flow field in a planar fluidic amplifier is
laminar in the converging nozzle, so that one can apply a simple
superimposed (one for the sides and one for the top and bottom) momentum
integral technique to calculate the displacement thickness at the nozzle

'7. M. Kirshner and s. Katz, Design Theory of Fluidic Components,
Academic Press, New York (1975).
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exit. Drzewiecki‘’ ' has applied this technique and has found that the

results are quite satisfactory as shown in figure 1. This figure shows
the discharge coefficients for a large number of different nozzle
shapes. The discharge coefficient, cy, is essentially a function only
of a modified Reynolds number. This function was determined by
examining the basic form of the solution for cg.”’° The flow out of a
nozzle 1is essentially the inviscid flow cut of a nozzle whose area has
been reduced by the displacement thickness on all four sides, or

r o o (1)
. <} - 2bs> Q.— 2;—) p

where S* is the displacement thickness and b is the supply-nozzle
width. .
L]
The simple momentum integral relationship  known as the
Karman-Pohlhausen equation defines the momentum thickness, ¢, at the

nozzle exit,
U 8s | o 47 x/bsg U(X)
e ' (2)

where U_  is the nozzle exit free-stream velocity; Vv is the kinematic
viscosity; U is the free-stream, x-direction velocity; x 1is the
coordinate direction, and X is the dummy variable for the x-direction.
If one notes that, at the exit, the static pressure gradient is
essentially zero, then the simple relation between the displacement
thickness and momentum thickness,

*

5— = 2,554 , (3)

2p, M. Drzewiecki, Planar Nozzle Discharge Coefficients, Developments

in Mechanics, Proceedings of the 13th Midwestern Mechanics Conference,
Vol. 7 (August 1973).

37, M. Drzewiecki, Fluerics 34. Planar-Nozzle Discharge
Coefficients, Harry Diamond Laboratories TM-72-33 (September 1973).

“T, M. Drzewiecki, Fluerics 37. A General Planar Nozzle Discharge
Coefficient Representation, Harry Diamond Laboratories TM-74-5 (August
1974).

ST, M. Drzewiecki, A Fluid Amplifier Reynolds Number, Proceedings
of the Harry Diamond Laboratories Fluidic State-of-the-Art Symposium,
Vol. 2 (October 1974).
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holds true. After some manipulation as described by Drzewiecki,“'S it
turns out that

1

Ik

cdz1-3.s[L(1;1°)], (4)
R

where L is the equivalent length of the whole nozzle if it were all bg
wide; 0 is the nozzle aspect ratio, h/bgi and Ny = U, bs/V. The
contribution of most converging sections not more than 10bg long is
about 1b i L % 1 + I, , where L., is the length of the throat straight
section.s The discharge coefficient is thus almost a universal function
of the modified Reynolds number defined as

(O = 2
NR NR/[L(l + 1/0)¢] (5)

Not surprisingly, this definition of the Reynolds number has been
found, experimentally, to reduce many fluidic amplifier characteristics
to one curve. For example, the gain of proportional amplifiers of
different aspect ratios falls on one curve when plotted against N' as
shown in figure 2.5 =

“r. M. Drzewiecki, Fluerics 37. A General Planar Nozzle Discharcge
Coefficient Representation, Harry Diamond Laboratories TM-74-5 (August
1974).

ST, M. Drzewiecki, A Fluid Amplifier Reynolds Number, Proceedings
of the Harry Diamond Laboratories Fluidic State- of -the-Art Symposium,
Vol. 2 (October 1974).
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Figure 2. Laminar amplifier gain versus modified Reynolds
number (data from F. M. Manion and G. Mon,
HDL-TR-1608 (September 1972)).

3, JET WALL-ATTACHMENT DEVICES

Among the first fluidic devices extensively studied were the
turbulent jet wall-attachment devices that form the basis for most
flueric logic gates available commerically. The jet attachment to
either of two or more walls gives an output in the attached position and
none at the other. This forms the basis for binary logic. Consider now
the flow field in a wall attachment device as shown in figure 3.

Due to the entrainment potential on either side o©f a planar
turbulent jet, the jet attaches to one side wall or the other when
perturbed in that direction. An attachment bubble is formed with a
forced vortex in it driven by the velocity at the edge of the jet. Such
a concept may be used in conjunction with assumptions 1like a constant ]
radius of curvature jet (at any one instant of time), momentum reduction
by splitter interaction with a known (Gortler) profile jet, jet motion
due to momentum interaction of two inviscid jets, and control jet
momentum reduction by nozzle viscous action. When such a concept is
used, quite satisfactory results can be obtained when the input and
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Figure 3. Attached jet in wall-attachment
device.
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output port characteristics are descrlbed.e’ Transient response can be

modelled by using lumped parameter techniques for the channels and by

considering the expanding bubble volume as capacitance, the viscous
; P . P 6

losses as resistance, and the fluid inertia as inductance.

Figure 4 shows the type of prediction capability using such a
theory, as reported in the literature.

More than two attachment walls can be used. The three-dimensional
diffuser section, with cross sections that range from _triangles to
octagons, has been successfully demonstrated by Ernst.” These flow

patterns represent new variations of wall-attachment problems that must
be solved.

6J. M. Goto and T. M. Drzewiecki, Fluerics 32. An Analytical Model
for the Response of Flueric Wall Attachment Amplifiers, Harry Diamond
Laboratories TR-1598 (June 1972),

7T, M. Drzewiecki, Prediction of the Dynamic and Quasi-Static
Performance Characteristics of Flueric Wwall Attachment Amplifiers,
Fluidics Quarterly, 5, No. 2 (April 1973).

8A. Ernst, Design Method for Sequential Circuits Using Multistable
wall Attachment Elements, Proceedings of the 7th Cranfield Fluidics
Conference, Stuttgart, West Germany (November 1975).
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4, ANALOG JET-DEFLECTION AMPLIFIERS

The other important class of fluidic jet devices is analog jet-
deflection amplifiers. Figure 5 is a flow-visualization photograph of
the flow field of a laminar proportional amplifier.

The signal is amplified when a small differential pressure is imposed
across the jet near its origin and deflects the jet. This deflection
causes the high-energy stream to impart more of its energy (in the form
of pressure and flow) to one output channel than the other. 1In the
no-outflow condition, an output pressure differential of 25 times the
input differential can be achieved.’ This is thus a pressure gain of
256

The flow fields can be analyzed in several categories. Nozzle flow
is critical for two reasons. Not only must the jet momentum be known,
but the stability of the flow requires that an upper limit on the
Reynolds number be scrupulously observed. In addition to the nozzle
flow (fig. 5), one can observe that the flow in the control channels is
essentially full-channel flow through a rectangular duct. Much work has
been done on rectangular-channel developing flows, but it has only

JF, M. Manion and G. Mon, Fluerics 33. Design and Staging of Laminar
Proportional Amplifiers, Harry Diamond Laboratories TR-1608 (September
I Z2) -
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Figure 5. Dye visualization of flow field of typical
laminar proportional amplifier.

recently been adapted to fluidics.''"7 '’ There is flow from the control

channel through the space between the jet and the downstream edge of the
control channel. This flow has been handled in the following way. 1In
the presence of a jet-edge static pressure, the laminar jet profile at
zero jet-edge pressure is distended to a shape where the velocity is
increased by the value of the static head converted to a dynamic head.
When the flow without the static head is subtracted from that with the
static head, the flow remaining is the net flow passed through the

1. M. Kirshner and S. Katz, Design Theory of Fluidic Components,
Academic Press, New York (1975).

“r, M. Drzewiecki, Fluerics 37. A General Planar Nozzle Discharge
Coefficient Representation, Harry Diamond Laboratories TM-74-5 (August
1974).

YUp, M. Manion and T. M. Drzewiecki, Analytical Design of Laminar
Proportional Amplifiers, Proceedings of the Harry Diamond Laboratories
Fluidic State-of-the-Art Symposium, Vol. 1 (October 1974).
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aperture for a given pressure difference, and so an effective resistance

can be defined as the ratio of the pressure drop to that flow.! A more
classical flow region is that of the jet impinging on the splitter.
This region 1is treated as a uniform flow impinging on a circular

cylinder or a wedge. The jet that flows between parallel plates loses
momentum flux to viscous drag. When one considers a parabolic velocity
profile not unlike the fully developed flow of the Poiseuille case,
excellent estimates of the viscous shear and, hence, the momentum loss
are obtained. When the jet impinges on the splitter, essentially one of
two conditions can occur. (1) The channels are blocked by an external
load, and the Jjet must turn about 90 deg, converting its axial momentum
into a recovery pressure. (2) The flow 1is allowed to pass into the
outlet channel, whereupon there is a partial channel inlet flow that
eventually becomes a full channel flow some distance downstream. This
latter condition still has to be satisfactorily solved, although recent
attempts11 have ryesulted in relatively good esimates of the driving
potential at the receiver face.

As the viscous jet emanates from the nozzle, it entrains the flow
from the surroundings due to viscous drag at the free shear boundary.
When the effects of viscosity are more pronounced (e.g., when the
Reynolds number becomes smaller), the jet entrains more flow; hence, it
spreads out more. This spread is shown by the jet-edge dye streaks in
figure 6. The photograph on the left 1is at a modified Reynolds number
of ~40 (NR ~ 1000); on the right, ~ 80.

As might be surmised, when the Jjet spreads more, it loses more
momentum, imparts less pressure, is smeared out over the receivers, and
lowers the gain, These deductions are substantiated by data (fig. 2),
and the theoretical model,!?/!)using the ideas presented, also predicts
this behavior., Figure 7 shows a typical agreement between the theory
and data for the laminar proportional amplifier gain.

In figure 7(a), the gain of one amplifier is shown to increase with
N_; in figure 7(b), the output pressure differential of another
amplifier is plotted versus the control pressure differential. The
small-signal gain, dAPo/dAPc, is the slope of this curve, and if a line
is drawn at the theoretlical slope to twice the centered jet pressure
recovery, then this represents the theory. (That is, twice the momentum
impinging on the same area results in twice the pressure recovery.) The

10p, M. Manion and T. M. Drzewiecki, Analytical Design of Laminar
Proportional Amplifiers, Proceedings of the Harry Diamond Laboratories
Fluidic State-of-the-Art Symposium, Vol. 1 (October 1974).

117, M, Drzewiecki, Fluerics 38, A Computer Aided Design Analysis for
the Static and Dynamic Port Characteristics of [ILaminar Proportional
Amplifiers, Harry Diamond Laboratories TR~1758 (June 1976).
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Figure 6. Laminar confined jet flows at low and high Reynolds num-
bers.

agreement is satisfactory due to the fairly large linear range of the
amplifier,

Dynamic effects such as frequency response can be estimated by
determining how fast the jet can respond to an input signal. The input
channel resistance and lumped or slug-flow inertance couple with the
capacitance, due to the change 1in control channel volume because of jet
deflection, to form a resistance-inductance-capacitance second-order
system. When additional phase lag is included due to the jet transport
time from the control region to the outputs, the response of the jet
motion at the outputs is quite adequately described. Figure 8 shows the
gain and phase shift as a function of frequency (Bode diagram) as
reported by Manion and Drzewiecki.!(

10p, M., Manion and T. M. Drzewiecki, Analytical Design of Laminar
pProportional Amplifiers, Proceedings of the Harry Diamond Laboratories
Fluidic State-of-the~Art Sympasium, Vol. 1 (October 1974).
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5. CLOSURE

Many other classes of fluidic devices have yielded successfully to
some analysis. For example, impacting axisxmmetric jets, used in impact
modulators, have been analyzed by Katz. phR Strong and weak vortex
motions form the basis of vortex amplifiers (and diodes) and vortex rate
sensors. Solutions involving strong vortex motion have been found
mainly by using momentum integral techniques, and the results have been

15. M. Kirshner and S. Katz, Design Theory of Fluidic Components,
Academic Press, New York (1975).
125, Katz, A Static Model of Direct and Transverse Impact Modulators,

Ph.D. Thesis, Oklahoma State University, Stillwater, OK (July 1970).
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applied to amplifiers and diodes.'3 The vortex rate sensor is a device
in which a small angular rotation imparts a tangential velocity to a
radial sink flow. The velocity causes the formation of a weak vortex.
When momentum integral techniques and solutions of the simplified
Navier-Stokes equations have been used, reasonable results have been
obtained. !

One could go on and on, since flows in complex internal passages
range from secondary flows in elbows and nozzles!® to strong forced
vortices in latching vortex wall-attachment amplifiers.lb This report
indicates the types of fluid mechanics problems involved in fluidics and
the material available to solve these problems. Solution techniques
have come a long way since the advent of the high-speed digital computer
and the interactive minicomputers. Solution, however, of complex fluid
problems does not have to involve complicated finite difference schemes,
but rather can be achieved with a reasonable mixture of control volume,
momentum integral, lumped-parameter, and other approximate techniques.

13p, N. Wormley, A Review of Vortex Diode and Triode Static and
Dynamic Design Characteristics, Proceedings of the Harry Diamond
Laboratories Fluidic State-of-the-Art Symposium, Vol. 1 (October 1974).

I4a, J. Ostdiek, Viscous Vortex  Rate Sensor, Harry Diamond
Laboratories TR-1555 (November 1971).

15, P, Trask II and T. M. Drzewiecki, Secondary Flows in Jets and
Their Effects on Fluidic Components, Harry Diamond Laboratories TM-70-23
(October 1970).

16r, M. Drzewiecki, Interpretation of Surface Static Pressure
Distributions in Fluid Amplifier Applications, Harry Diamond
Laboratories TR-1627 (July 1973).
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NOMENCLATURE

Supply-nozzle width, m
Nozzle discharge coefficient, -
Total effective nnzzle length divided by bs, -

Length of nozzle throat divided by bs' =

Reynolds number, (bs/v)\PPs/o, -

Modified Reynolds number, NR/[L(l + 1/0)2)
Control pressure, Pa

Output pressure, Pa

Supply (source) pressure, Pa

Coordinate direction

Coordinate direction

Free-stream, x-direction velocity, m/s
Nozzle exit free-stream velocity, J2Ps/s = U m/s
Displacement thickness, m

Change

Momentum thickness,m

Kinematic viscosity, m?/s

Fluid density, kg/m3

Nozzle aspect ratio, h/bs, =

Dummy variable for x-direction




DEFENSE DOCUMENTATION CENTER
CAMERON STATION, BUILDING 5
ALEXANDRIA, VA 22314

ATTN DDC-TCA (12 COPIES)

COMMANDER

USA RSCH & STD GP (EUR)

BOX 65

FPO NEW YORK 09510

ATTN LTC JAMES M. KENNEDY, JR,
CHIEF, PHYSICS & MATH BRANCH

COMMANDER

US ARMY MATERIEL DEVELOPMENT &
READINESS COMMAND

5001 EISENHOWER AVENUE
ALEXANDRIA, VA 22333

ATTN DRXAM-TL, HQ TECH LIBRARY
ATTN DRCRD-TP, WILLIAM RALPH

COMMANDER

USA ARMAMENT COMMAND

ROCK ISLAND, IL 61201

ATTN DRSAR-ASF, FUZE DIV

ATTN DRSAR-RDF, SYS DEV DIV - FUZES
ATTN DRSAR-RDG-T, MR. R. SPENCER
ATTN DRSAR-ASF

COMMANDLR

USA MISSILE & MUNITIONS CENTER
& SCHOOL

REDSTONE ARSENAL, AL
ATTN ATSK-CTD-F

35809

COMMANDER IDDR&E
PENTAGON, ROOM 3D 1089
WASHINGTON, DC 20310

ATTN DR. DAVID A. CHARVONIA

OFFICE OF THE DEPUTY CHIEF OF STAFF FOR
RESEARCH, DEVELOPMENT & ACQUISITION
DEPARTMENT OF THE ARMY
WASHINGTON, DC 20310
ATTN DAMA-ARP-P, DR. V. GARBER
ATTN MAJOR P, TATE, ROOM 3D424

US ARMY R&D GROUP (EUROPE)
BOX 15
FPO NEW YORK 09510
ATTN CHIEF, AERONAUTICS
BRANCH (2 COPIES)
ATTN CHIEF, ENGINEERING SCIENCES

US ARMY RESEARCH OFFICE

P. O. BOX 12211

RESEARCH TRIANGLE PARK, NC 27709
ATTN JAMES J, MURRAY, ENG SCI DIV
ATTN DR. R. SINGLETON

COMMANDER
USA FOREIGN SCIENCE & TECHNOLOGY CENTER
FEDERAL OFFICE BUILDING
220 7th STREET, NE
CHARLOTTESVILLE, YA 22901
ATTN AMXST-I1S3, C. R. MOORE

DIRECTOR
EUSTIS DIRECTORATE
USA AIR MOBILITY RSCH & DEV LAB
FORT EUSTIS, VA 23604
ATTN GEORGE W. FOSDICK, SAVDL-EU-SYA

e S SRITP=,

DISTRIBUTION
COMMANDER
USA MISSILE COMMAND
REDSTONE ARSENAL, AL 35809
ATTN REDSTONE SCIENTIFIC INFORMATION
CENTER, DRSMI-RBD
ATTN DRSMI-RGC, WILLIAM GRIFFITH
ATTN DRSMI-RGC, JAMES G, WILLIAMS
ATTN DRSMI-RGC, J. C. DUNAWAY
ATTN DRCPM-TOE, FRED J, CHEPLEN
COMMANDER

USA MOBILITY EQUIPMENT R&D CENTER

FORT BELVOIR, VA 22060
ATTN TECHNICAL LIBRARY (VAULT)
ATTN DRXFB-EM, R. N, WARE
COMMANDER

EDGEWOOD ARSENAL

ABERDEEN PROVING GROUND, MD

ATTN

21010

SAREA-MT-T, MR, D. PATTON

COMMANDER
PICATINNY ARSENAL

DOVER,
ATTN
ATTN
ATTN

NJ 07801

SARPA-ND-C-C,
SARPA-TS-5~#59
SARPA-ND-C~C, A. E. SCHMIDLIN

D. SAMPAR

COMMANDER
WATERVLIET ARSENAL

WATERVLIET ARSENAL,

ATTN
ATTN
ATTN

COMMAND

NY 12189
GARY W. WOODS
SARWV-RDT-1.

JOHN BARRETT

ER

USA TANK AUTOMOTIVE COMMAND
ARMOR & COMP DIV, DRDTA=RKT
BLDG 215
WARREN, MI 48090

ATTN T. KOZOWYK

ATTN M. STEELE
COMMANDER

WHITE SANDS MISSILE RANGE, NM

ATTN

88002
STEWS-AD-L, TECHNICAL LIBRARY

COMMANDER

RODMAN

LABORATORIES

ROCK ISLAND ARSENAL

ROCK ISLAND,

ATTN

OFFICE

IL 61201
SARRI-LA

OF NAVAL RESEARCH

DEPARTMENT OF THE NAVY

ARLINGTON, VA

ATTN
ATTN

OFFICE
BRANCH
BOX 39,

ATTN

22217
STANLEY W, DOROFF, CODE 438
D. S. SIEGEL, CODE 211

OF NAVAL RESFARCH
OFFICE

FPO, NY 09510

DR. R. NUNN (2 COPIES)

DEPARTMENT OF THE NAVY
R&D PLANS DIVISION

ROOM 5D760,
WASHING

ATTN

PENTAGON

TON, DC 20350
BENJ R. PETRIE,
OP-987P4

JR.

COMMANDER
NAVAL AIR DEVELOPMENT CENTER
WARMINSTER, PA 18974
ATTN ED SCHMIDT, 30424
ATTN CODE 8134, LOIS GUISE

COMMANDING
NAVAL AIR ENGINEERING
LAKEHURST, NY 08733

ATTN ESSD, ODE

OFFICER
CENTER

9314, HAROLD OTT

NAVAL AIR SYSTEMS COMMAND

DEPARTMENT OF THE NAVY

WASHINGTON, DC
ATTN CODE AIR

A, J. BURNS

PACIFIC
NAVAL
POINT M CA
AT CODE 4121.2,
ATTN CODE 1230, A.

ABE J. GARRETT
ANDERSON

COMMANDER
NAVAL SHIP ENGINEERING CENTER
PHILADELPHIA DIVISION
PHILADELPHIA, PA 19112

ATTN CODE €772, D, KEYSER

COMMMANDER
NAVAL SURFACE WEAPONS CENTER
WHITE OAK, MD 20910
ATTN CODE 413, CLAYTON MCKINDRA
ATTN CODE WA-33, J. O'STEEN

NAVAL POSTGRADUATE SCHOOL
MECHANICAL ENGINEERING
MONTEREY, CA 93940

ATTN PROF. T. SARPKAYA

COMMANDER
NAVAL ORDNANCE STATION
INDIANHEAD, MD 20640
ATTN CODE 5123B, J. MORRIS
NAVAL SHIP
CODE 5641
BETHESDA,

RES & DEV CENTER

MD 20084

NAVAL SEA SYSTEMS COMMAND

SEAD331H

WASHINGTON, DC 20362
ATTN A, CHAIXIN

COMMANDER

NAVAL WEAPONS CENTER
CHINA LAKE, CA 93555
ATTN CODE 533, LIBRARY DIVISION

COMMANDER

AF AERO PROPULSION LABORATORY, AFSC

WRIGHT-PATTERSON AFB, OH 45433
ATTN LESTER SMALL 1TBC

COMMANDER

AIR FORCE AVIONICS LABORATORY

WRIGHT-PATTERSON AFB, OH 45433
ATTN RWN-2, RICHARD JACORS

DIRECTOR

AF OFFICE OF SCIENTIFIC RESEARCH

1400 WILSON BLVD
ARLINGTON, VA
ATTN NE,

22209

MR. GEORGE KNAUSENBERGER




COMMANDER

AIR FORCE FLIGHT DYNAMICS LABORATORY

WRIGHT-PATTERSON AFB, OH 45433
ATTN AFFDL/FGL, H. SNOWBALL

COMMANDER
AF WEAPONS LABORATORY, AFSC
KIRTLAND AFB, NM 87117

ATTN SUL, TECHNICAL LIBRARY

COMMANDER
ARMAMENT DEVELOPMENT AND TEST CENTER
EGLIN AIR FORCE BASE, FL 32542

ATTN ADTC (DLOSL), TECH LIBRARY

AIR FORCE FLIGHT TEST CENTER

6510 ABG/SSD

EDWARDS AFB, CA
ATTN TECHNICAL

93523
LIBRARY

4950th TEST WING (TZHM)
WRIGHT-PATTERSON AIR FORCE
DAYTON, OH 45424

ATTN MR, MICHAEL COLLINS

BASE

AF INSTITUTE OF TECHNOLOGY, AU
WRIGHT-PATTERSON AFB, OH 45433
ATTN LIBRARY AFIT(LD),
BLDG 640, AREA B
ATTN AFIT(ENM), MILTON E. FRANKE,
3 COPIES

AEROSPACE MEDICAL DIVISION
BROOKS AFB, TX 78235
ATTN AMD/RDN, CPT G. JAMES

DIV, OF REACTOR RES & DEV

F-309 USERDA

WASHINGTON, DC
ATTN FRANK C.

20545
LEGLER

OAK RIDGE NATIONAL LABORATORY
CENTRAL RES LIBRARY, BLDG 4500N, RM 175
P, 0. BOX X
OAK RIDGE, TN 37830
ATTN E, HOWARD

NATIONAL HEART & LUNG INSTITUTE
DIVISION OF LUNG DISEASES
BLDG WW, RM 6A03
BETHESDA, MD 20014
ATTN DR. P, J. ZALESKY

DEPT OF HEW
PUBLIC HEALTH SERVICE
NATIONAL INSTITUTE OF HEALTH
BLDG 13, RM 3W-13
BETHESDA, MD 20014

ATTN C. J, MCCARTHY

DEPARTMENT OF COMMERCE
BUREAU OF EAST-WEST TRADE
OFFICE OF EXPORT ADMINISTRATION
WASHINGTON, DC 20230

ATTN WALTER J. RUSNACK

SCIENTIFIC LIBRARY

US PATENT OFFICE

WASHINGTON, DC 20231
ATTN MRS. CURETON

DISTRIBUTION (Cont'd)

DEPARTMENT OF COMMERCE
NATIONAL BUREAU OF STANDARDS
WASHINGTON, DC 20234
ATTN GUSTAVE SHAPIRO, 425.00
NASA AMES RESEARCH CENTER
MOFFETT FIELD, C. 94035
ATTN MS 244~13, DEAN CHISEL

NASA LANGLEY RESEARCH CENTER
HAMPTON, VA 23665
ATTN M5 494, H. D. GARNER
MS 494, R. R. HELLBAUM
MS 185, TECHNICAL LIBRARY

NASA LEWIS RESEARCH CENTER
21000 BROOKPARK ROAD
CLEVELAND, OH 44135

ATTN VERNON D. GEBBEN

NASA SCIENTIFIC & TECH INFO FACILITY
P. 0. BOX 8637
BALTIMORE/WASHINGTON INTERNATIONAL
AIRPORT, MD 21240

ATTN ACQUISITIONS BRANCH

UNIVERSITY OF ALABAMA
CIVIL & MINERAL ENGINEERING DEPT,
P, O. BOX 1468
UNIVERSITY, AL 35486
ATTN DR. HAROLD R. HENRY
ARIZONA STATE UNIVERSITY
ENGINEERING CENTER
TEMPE, AZ 85281
ATTN PETER K. STEIN, LABORATORY
FOR MEASUREMENT SYSTEMS ENGR.

UNIVERSITY OF ARKANSAS

TECHNOLOGY CAMPUS

P. O. BOX 3017

LITTLE ROCK, AR 72203
ATTN PAUL C. MCLEOD

UNIVERSITY OF ARKANSAS
MECHANICAL ENGINEERING
FAYETTEVILLE, AR 72701

ATTN JACK H. COLE, ASSOC PROF

CARNEGIE-MELLON UNIVERSITY
SCHENLEY PARK
PITTSBURGH, PA 15213
ATTN PROF W. T. ROULEAU,
MECH ENGR DEPT

CASE WESTERN RESERVE UNIVERSITY
UNIVERSITY CIRCLE
CLEVELAND, OH 44106

ATTN PROF P. A. ORNER

ATTN B, M. HORTON

THE CITY COLLEGE OF THE CITY
UNIVERSITY OF NY
DEPT OF MECH ENGR
139th ST. AT CONVENT AVE
NEW YORK, NY 10031

ATTN PROF L. JIJI

ATTN PROF G. LOWEN

DUKE UNIVERSITY
COLLEGE OF ENGINEERING
DURHAM, NC 27706

ATTN C. M. HARMAN

24

ENGINEERING SOCIETIES LIBRARY
345 EAST 47TH STREET
NEW YORK, NY 10017

ATTN HOWARD GORDON

FRANKLIN INSTITUTE OF THE STATE
OF PENNSYLVANIA

20TH STREET & PARKWAY

PHILADELPHIA, PA 19103
ATTN KA-CHEUNG TSUI,
ATTN C. A.

ELEC ENGR DIV
BELSTERLING

IIT RESEARCH INSTITUT!

10 WEST 35th STREET

CHICAGO, IL 60616
ATTN DR, K, E. MCKEE

LEHIGH UNIVERSITY
DEPARTMENT OF MECHANICAL ENGINEERING
BETHLEHEM, PA 1801S
ATTN PROF FORBES T. BROWN
LINDA HALL LIBRARY
5109 CHERRY STREET
KANSAS CITY, MO 64110
ATTN DOCUMENTS DIVISION

MASSACHUSETTS INSTITUE OF TECHNOLOGY
77 MASSACHUSETTS AVENUE
CAMBRIDGE, MA 02139

ATTN ENGINEERING TECHNICAL REPORTS,
RM 10-408

ATTN DAVID WORMLEY, MECH ENGR DEPT,
RM 3-146

MICHIGAN TECHNOLOGICAL UNIVERSITY
LIBRARY, DOCUMENTS DIVISION
HOUGHTON, MI 49931

ATTN J, HAWTHORNE

UNIVERSITY OF MISSISSIPPI
201 CARRIER HALL, DEPT OF MECH ENGR
UNIVERSTITY, MS 38677

ATTN DR. JOHN A, FOX

MISSISSIPPI STATE UNIVERSITY

DRAWER ME

STATE COLLEGE, MS
ATTN DR. C. J.

39672

BELL, MECH ENG DEPT

UNIVERSITY OF NEBRASKA
ACQUISITIONS DEPT,
LINCOLN, NE 68508

ATTN ALAN GOULD

LIBRARIES
SERIALS SECTION

UNIVERSITY OF NEW HAMPSHIRE
MECH ENGR DEPT, KINGSBURY HALL
DURHAM, NH 03824

ATTN PROF CHARLES TATE 3 COPIES
UNIVERSITY OF TENNESSEE
DEPT OF MECHANICAL AND
AEROSPACE EN( F S
KNOXVILLE, TN 3791¢
ATTN ASST PROF MITH
NEW JERSEY INSTI F "HNOLOGY

AL ENGINEERING

NEWARK, NJ )71

ATTN DR. R. MPARIN

PRRR RN, A .




I0 STATE UNIVERSITY LIBRARIES
SERIAL DIVISION, MAIN LIBRARY
1858 NEIL AVENUE
COLUMBUS, OH 43210

OKLAHOMA STATE UNIVERSITY
SCHOCL OF MECH & AEROSPACE ENGR.
STILLWATER, OK 74074

ATTN PROF KARL N, REID

MIAMI W
DEPT OF

e
SCHOOL OF APPLIED SCIENCE
OXFORD, OH 45056

ATTN PROF S. B, FRIEDMAN

PENNSYLVANIA STATE UNIVERSITY
215 MECHANICAL ENGINEERING BUILDING
UNIVERSITY PARK, PA 16802

ATTN DR, J. L. SHEARER

o

SYLVANTA STATE UNIVERSITY

EERING LIBRARY

201 HAMMOND BLDG

UNIVERSITY PARK, PA 16802
ATTN M. BENNETT, ENGINEERING

LIBRARIAN

PURDUE UNIVERSITY
SCHOOL OF HANICAL ENGINEERING
LAFAYETTE, IN 47907
ATTN PROF. VICTOR W. GOLDSCHMIDT
ATTN PROF. ALAN T. MCDONALD

ROCK VALLEY COLLEGE

3301 NORTH MULFORD ROAD

ROCKFORD, IL 61101
TTN KEN BARTON

RUTGERE UNIVERSITY
LIBRARY OF SCIENCE & MEDICINE
NEW BRUNSWICK, NJ 08903
ATTN GOVERN! T DOCUMENTS DEPT
MS. SANDRA R. LIVINGSTON

UNIVERSITY
"H & AEROSPACE ENGINEERING
NX HALL
13210
D. S. DOSANIH

UNIN SITY OF TEXAS AT AUSTIN
OF MECHANICAL ENGINEERING
AUSTIN, TX 78712

ATTN DR, A. J. HEALEY

THE UNIVERSITY OF TEXAS AT ARLINGTON
MECHANICAL ENGINEERING DEPARTMENT
ARLINGTON, TX 76019

ATTN DR, ROBERT L. WOODS

LANE UNIVERSITY

NICAL ENGINEERING
LA 70118
HRUBECKY

DEPT OF M
NEW ORLER

ATTN H,

UNION COLLEGE
CEANICAL ENGINEERING
SCHENECTADY, NY 12308
ATTN ASSOC PROF W. C. AUBREY
HECH ENGR DEPT, STEINMETZ HALL

DISTRIBUTION (Cont'd)

VIRGINIA POLYTECHNIC INST OF ST UNIV
MECHANICAL ENGINEERING DEPARTMENT
BLACKSBURG, VA 24061

ATTN PROF H, MOSES

WASHINGTON UNIVERSITY

SCHOOL OF ENGINEERING

P, 0. BOX 1185

ST, LOUIS, MO 63130
ATTN W. M, SWANSON

WEST VIRGINIA UNIVERSITY
MECHANICAL ENGINEERING DEPARTMENT
MORGANTOWN, WV 26505

ATTN DR. RICHARD A. BAJURA

WICHITA STATE UNIVERSITY
WICHITA, KS 67208
ATTN DEPT AERO ENGR, E. J. RODGERS

UNIVERSITY OF WISTONSIN
MECHANICAL ENGINEERING DEPARTMENT
1513 UNIVERSITY AVENUE
MADISON, WI 53706
ATTN FEDERAL REPORTS CENTER
ATTN NORMAN H. BEACHLEY, DIR,
DESIGN ENGINEERING LABORATORIES

WORCESTER POLYTECHNIC INSTITUTE
WORCESTER, MA 01609
ATTN GEORGE C. GORDON LIBRARY (TR)
ATTN TECHNICAL REPORTS

AIRESEARCH

P, 0. BOX 5217

402 SOUTH 36tk

PHOENIX, AZ
ATTN DAV CHAFFER
ATTN TREVOR SUTTON
ATTN TOM TIPPETTS

TREET
034

AVCO SYSTEMS DIVISION
201 LOWELL STREET
WILMINGTON, MA 01887

ATTN W. K, CLARK 2 COPIES

BELL HELICOPTER COMPANY

P, O. BOX 482

FORTWORTH, TX 76101
ATTN MR. R. D. YEARY

BENDIX CORPORATION

ELECTRODYNAMICS DIVISION

11600 SHERMAN WAY

N. HOLLYWOOD, CA 90605
ATTN MR. D. COOPER

BENDIX CORPORATION
RESEARCH LABORATORIES DIV.
BENDIX CENTER
SOUTHFIELD, MI 48075
ATTN ANDREW SELENO
ATTN C. J. AHERN

BOEING COMPANY, THE

P, 0. BOX 3707

SEATTLE, WA 98124
ATTN HENRIK STRAUB

BOWLES FLUIDICS CORPORATION
9347 FRASER AVENUE
SILVER SPRING, MD 20910
ATTN P. BAUER, VICE PRES./ENGR.

DR. RONALD BOWLES
ENGINEERING CONSULTANT
2105 SONDRA COURT
SILVER SPRING, MD 20904

CONTINENTAL CAN COMPANY

TECH CENTER

1350 w., 76TH STREET

CHICAGO, IL 60620
ATTN P, A. BAUER

CORDIS CORPORATION
P. O. BOX 428
MIAMI, FL 33137
ATTN STEPHEN F. VADAS, K-2

CORNING GLASS WORKS
FLUIDIC PRODUCTS
HOUGHTON PARK, B-2
CORNING, NY 14830
ATTN MR. W. SCHEMERHORN
ATTN V. S. KUMAR

CHRYSLER CORPORATION
P.O. BOX 118
CIMS-418-33-22
DETROIT, MI 48231
ATTN MR. L. GAU

ENGINEERING, INC
NEWARK-POMPTON TURNPIKE
WAYNE, NJ 07470
ATTN ANTHONY P, CORRADO, PRESIDENT

FLUIDICE QUARTE
P, O, BOX 2989

TANFORD, CA 94305
ATTN D. H. TARUMOTO

GENERAL ELECTRIC COMPANY
SPACE/RESD DIVISIONS
P. O, BOX 8555
PHILADELPHIA, PA 19101
ATTN MGR LIBRARIES, LARRY CHASEN

GENERAL ELECTRIC COMPANY
SPECIALTY FLUIDICS OPERATION
BLDG 37, ROOM 523
SCHENECTADY, NY 12345
ATTN F. S. RALBOVSKY, FLUIDIC
CONTROL PRODUCTS ENG:
ATTN R, C, KUMFITSCH, MANAGER
FLUIDIC CONTROLS
ATTN C. RINGWALL

GENERAL MOTORS CORPORATION
DELCO ELECTRONICS DIV
MANFRED G. WRIGHT
NEW COMMERCIAL PRODUCTS
P, 0. BOX 1104
KOKOMO, IN 46901

ATTN R. E. SPARKS

GRUMMAN AEROSPACE CORPORATION
TECHNICAL INFORMATION CENTER
SOUTH OYSTER BAY ROAD
BETHPAGE, L. I., NY

1914
1714

ATTN C. W. TURNER, DOCUMENTS
LIBRARIAN



DISTRIBUTION (Cont'd)

HONEYWELL, INC, HARRY DIAMOND LABORATORIES
i 1625 ZARTHAN AVE ATTN MCGREGOR, THOMAS, COL, COMMANDER/
| MINNEAPOLIS, MI 55413 FLYER, I. N./LANDIS, P. E./
i ATTN DICK EVANS, M. S. S2658 SOMMER, H./OSWALD, R. B.
] ATTN CARTER, W. W., DR., TECHNICAL
| JOHNSON CONTROLS, INC DIRECTOR/MARCUS, S. M.
; 507 E. MICHIGAN ATTN KIMMEL, S., PAO E
1 MILWAUKEE, WI 53201 ATTN CHIEF, 0021
i ATTN WARREN A, LEDERMAN ATTN CHIEF, 0022
i ATTN GEORGE JANU ATTN CHIEF, LAB 100 '
| ATTN CHIEF, LAB 200
{ MOORE PRODUCTS COMPANY ATTN CHIEF, LAB 300
! SPRING HOUSE, PA 19477 ATTN CHIEF, LAB 400
i ATTN MR. R. ADAMS ATTN CHIEF, LAB 500
ATTN CHIEF, LAB 600
MARTIN MARIETTA CORPORATION ATTN CHIEF, DIV 700
AEROSPACE DIVISION ATTN CHIEF, DIV 800
P. O. BOX 5837 ATTN CHIEF, LAB 900
ORLANDO, FL 32805 ATTN CHIEF, LAB 1000
ATTN R. K. BRODERSON, MP 326 ATTN RECORD COPY, BR 041
ATTN VITO O. BRAVO, MP 326 ATTN HDL LIPRARY 3 COPIES
ATTN CHAIRMAN, EDITORIAL COMMITTEE
NATIONAL FLUID POWER ASSOCIATION ATTN CHIEF, 047
3333 NORTH MAYFAIR ROAD ATTN TECH REPORTS, 013
MILWAUKEE, WI 53222 ATTN PATENT LAW BRANCH, 071
ATTN JOHN R. LUEKE ATTN MCLAUGHLIN, P. W., 741
DIR OF TECH SERVICES ATTN LANHAM, C., 0021
ATTN CHIEF, 340, 10 COPIES
RICHARD WHITE & ASSOCIATES ATTN TADEUSZ DRZEWIECKI, 340, 10 COPIES
ELECTRO/MECHANICAL ENGINEERS
77 PELHAM ISLE ROAD ATTN FRANCIS MANION, 340
SUDSBURY, MA 01776 ATTN GOTO, J., 340
ATTN RICHARD P, WHITE ATTN PHILLIPPI, R., 340
ATTN PARAS, C., 340
ROCKWELL INTERNATIONAL CORPORATION ATTN MON, G., 340
COLUMBUS AIRCRAFT DIVISION, P. O. BOX 1259 ATTN DEADWYLER, R., 340
4300 E. 5TH AVENUE ATTN TENNEY, S., 340
COLUMBUS, OH 43216 ATTN NEMARICH, J., 320
ATTN MR. MARVIN SCHWEIGER ATTN KIRSHNER, J., 320

SANDIA CORPORATION
KIRTLAND AFB, EAST
ALBUQUERQUE, NM 87115
ATTN WILLIAM R. LEUENBERGER, DIV 2323

UNITED TECHNOLOGIES RESEARCH CENTER
400 MAIN STREET
E. HARTFORD, CT 06108
ATIN R. E, OLSON, MGR FLUID
DYNAMICS LABORATORY







